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Background
The original LDRD proposal described the ''nature of the work" to 
Applications depend on the type of coatings developed; we intend to target dissolved species in water @th VOCs and ionic species).
The following report summarizes our efforts in this LDRD project. Additional data and information can be obtained by further reading of the literature publications that were, at least in part, supported by this project. The information contained in these sources documents that this project successfully met our goals and objectives as well as serving to generate (to date) two new projects. The budget of these projects is at least as large as the investments made by the LDRD P r o m -
Introduction
The large number of chemically-contaminated sites and the high cost for restoration present the need for economical, low power, sensitive and specific chemical sensors. Applications for these sensors are often centered around detection of contaminants in water, for example, monitoring of contamination in groundwater and in process, recycle, and waste streams. Quartz crystal microbalances (QCMs) are well suited for these applications since they are rugged, low power, and easily miniaturized. Moreover, QCMs can be adapted for many different uses by developing coatings that respond to different target molecules, adding to their versatility.
QCMs are piezoelectric thickness-shear-mode resonators where the resonant frequency has long been known to vary linearly with the mass of rigid layers on the surface when the device is in contact with air [l]. More recently, these devices were also determined to be sensitive to changes in mass in contact with liquids [2,3]. Besides mass loading, changes in liquid density and viscosity can also afjFect QCM response [4-81. These effects are important since liquid properties may change slightly as an analyte spike passes a device. However, at low analyte concentrations, very small changes in liquid physical properties generally OCCLK. This can be verified by a lack of any detectable changes with an uncoated reference QCM.
Developments in QCM sensor technology have progressed in the area of gas phase analysis since the first report in 1964, where King used a QCM as a gas chromatograph sorption detector [9].
Since then, reports of other detection schemes for different gas phase analytes have appeared in the literature [lo] . These reports describe the use of a variety of coatings with chemicallyselective sorption properties for detection of target analytes.
Chemical recognition using selective coatings on QCMs has been explored to a much smaller extent for liquid-phase sensing than for gas-phase sensing. 
Experimental
Quartz Crystal Microbalance -The AT-cut quartz crystals used in this study were purchased fiom Maxtec (Torrance CA) having a diameter of 25.4 mm and a thickness of 0.33 111111. They were patterned with two concentric gold-on-chrome electrodes having a wrap around geometry that allows both ground and radio fiequency (rf) connections to be made to one side. The larger proportional to the resonance magnitude (indicates wave damping) [ 171.
Gas bubble trapping in the QCM cell or directly on the surface of the QCM has been found to interfere with QCM measurements, however, degassing of the test solutions was not done due to possible changes in concentration of the stock solutions by sparging of the VOCs. To minimize the problem of gas bubble trapping, the flow cells were constructed so that the liquid cavity created from the sealed QCM was positioned in a vertical direction in order to force gas bubbles through the cell. In addition, the liquid flow cell was designed to aid in bubble removal by setting the liquid outlet port at a 45 degree angle up from the surface of the QCM. This design provided a smooth flow of fluid across the QCM surface, sweeping gas bubbles through the cell without trapping them.
Compressional wave effects arising due to the unequal surface displacement of the QCM have recently been identified as a possible source of error for liquid sensing experiments [18] [19] [20] . The thickness of the polycarbonate spacer was adjusted to try to tune the thickness of the liquid cavity to a midpoint between compressional resonances, thus minimizing this effect. Since the compressional wavelength is affected by changes in the liquid density, the temperature was kept constant. At the low concentrations used in this study, changes in density of the solutions relative to that of pure water are not significant enough to affect the resonance condition. Coatings - Table 1 shows the polymers and films used for the QCM array. Chemicals -The test matrix for these experiments consisted of three classes of organic chemicals: polar, nonpolar, and chlorinated. Four chemicals fiom each of these classes were tested. The polar compounds studied were acetone, isopropanol, ethylene glycol, and ethyl acetate. The nonpolar compounds used in this study were p-xylene, toluene, cyclohexane, and npentane. The chlorinated hydrocarbons were carbon tetrachloride, chloroform, trichloroethylene (TCE) and tetrachloroethylene (PCE). All chemicals were of certified grade or better and obtained from Fisher, excluding PCE which was 99.8% from Sigma-Aldrich. For the nonpolar and chlorinated groups, stock solutions were prepared by adding an excess of the chemical to a water bottle to prepare a saturated solution (the excess chemical maintained the solution at saturation). The ppm concentrations of the stock solutions were calculated by using their solubility constants in water. For compounds in the polar group, which are less volatile and more likely to remain at a constant concentration for a reasonable time period, 1% by weight (10,000 ppm) stock solutions were prepared. Deionized water was used for both the stock solutions and the diluent stream.
Liquid Challenges -As shown in Figure 2 , the experimental setup for exposing the QCMs to liquid challenges involved using four cells in series (as shown in Fig. 2 , up to six are possible).
The first cell in line always contained an uncoated QCM which provided a reference to changes in density or viscosity of the solution. The next three cells in the array housed polymer coated intervening flows of DI water in order to allow the QCMs to reestablish stable baselines. The challenges were in order of increasing concentration (1, 5, 10, 25, and 50% of the stock solutions). Consequently, a concentration profile, as seen in Figures 3 and 4 , was generated. Training data and test data for all chemicals were interpolated fkom a smooth spline fit to the raw sensor responses. Two types of noise were added back to the data: estimated measurement noise produced by reducing the sensitivity of each sensor response from unity by an independent random factor in a specified range. The three sensitivity drift ranges were: no reduction, 0% to 16%, and 0% to 50%. Separate training data sets and test data sets were produced for each drift range. The drift results provide an indication of the robustness of the chemical recognition under extended use.
Results and Discussion
Description of Array
A "leave-one-out" analysis was carried out on the training data for all possible arrays made up of six or fewer sensors (twelve or fewer signals), so that the chemical recognition performance of all such arrays could be compared. Leave-one-out analyses provide the best use of the available training data while avoiding the bias associated with including the classification results of data points that are present in the training set. The VERI method is efficient enough that all of these arrays can be explicitly examined using SPARC workstation hardware. We prefer this more computationally intensive approach to the commonly-used principal components analysis (PCA).
PCA computations provide useful qualitative insights and are often the best guidance for signal selection from among very large numbers of potential signal combinations, but they are not guaranteed to provide the best choice of signals for distinguishing classes [23] . The VEN leave-one-out results were obtained for training data with no sensitivity drift. The results (not shown) indicated that the best accuracy of the chemical recognition without added drift was in the high 80s for the best three signal arrays, in the mid-to-high 90s for the best four and five signal arrays, and in excess of 99% for the best arrays with six or more signals. Figure 5 illustrates the relatively good separation of the different chemical classes achievable using only responses) showing clustering of data for each VOC and effective separation from other VOCs.
Representation of equalized and normalized data from two sensors (three total
